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Substances which trigger the production of phytoalexins in higher plants are termed elicitors. A wide variety of fungal molecules, including polysaccharide wall components, polypeptides, glycoproteins and lipids, have been implicated as elicitors (25) . Two lines of investigation have shown that fungal enzymes can also act as elicitors. Swinburne (22, 23) has implicated a fungal proteinase as an elicitor of benzoic acid production in infected apple fruit. In addition, recent work in our laboratory (11, 12) has shown that homogeneous a-1,4-endopolygalacturonase from culture filtrates of the fungus Rhizopus stolonifer elicits casbene synthetase activity in castor bean (R communis L.) seedlings. In both cases, heat-treatment of the enzyme preparations leads to equivalent losses of both enzymic activity and elicitor ability. This suggests that the elicitor abilities of these enzymes may be dependent on their catalytic activities.
The work described in this paper demonstrates that pectic cell wall fragments released from particulate fractions of castor bean seedling homogenates through the action of R stolonifer endopolygalacturonase possess casbene synthetase elicitor activity and supports a model in which these elicitor fragments serve as obligate intermediates in the process of elicitation by the enzyme in vivo.
Many species of higher plants have been shown to produce antifungal compounds known as phytoalexins (4, 6, 10) . The presence of low or undetectable levels of phytoalexins in healthy plant tissues and the greatly increased accumulation of these substances in the region of fungal infection are distinctive features of phytoalexin production. Because of these characteristics and their general toxicities for a broad range of fungi, phytoalexins are believed to play a defensive role against invasion of the plant by fungal predators.
Casbene is one of the five cyclic diterpene hydrocarbons produced from GGPP2 in cell-free extracts of young seedlings of the castor bean (Ricinus communis L.) (14, 15) . Extracts of healthy seedlings produce little or no casbene, whereas extracts ofseedlings exposed for several hours to any of several phytopathogenic fungi show a greatly enhanced capacity for casbene synthesis (18) . This characteristic coupled with demonstration of the antifungal properties of casbene led to the proposal that casbene may serve the ' This work was supported by National Science Foundation Grant PCM-79-23 142.
2Abbreviations: GGPP: geranylgeranyl pyrophosphate; EPGase: endopolygalacturonase; Rs EPGase: Rhizopus stolonifer endopolygalacturonase; EDC: l-ethyl-3(3-dimethylaminopropyl) carbodiimide; PGA: polygalacturonic acid; PIIF, proteinase inhibitor inducing factor.
MATERIALS AND METHODS
Elicitor Bioassay for Casbene Synthetase. The elicitor activity of various test solutions was measured using a bioassay for the levels of casbene synthetase activity in treated seedlings as described by Lee and West (11) . Castor bean seeds were shelled, surface-sterilized in a dilute solution of NaOCl, and germinated under sterile conditions at room temperature for 53 to 55 h. For each test solution, 10 seedlings with the radicles removed were cut along the plane dividing the cotyledons with a double-edged razor blade and placed, cut surface down, in a sterile Petri dish containing two layers of Whatman GF/A glass fiber filter and a single layer of cheesecloth. The test solution (10 ml) was added to the Petri dish which was covered and incubated for 10 to 12 h at 25°C in the dark.
After incubation, the set of pooled seedlings from one treatment was homogenized in cold homogenization buffer. The homogenates were centrifuged and portions of the supernatant were removed and assayed for casbene synthetase activity. In a typical assay, 100 ,u enzyme extract and 300 pil buffer were incubated with 100 ,u 50 AM radiolabeled GGPP at 30°C for 30 min. The reaction was quenched with ethanol and the casbene was extracted with petroleum ether. The casbene was separated from other substances by TLC and quantitated by measuring the radioactivity associated with the appropriate region of each plate.
Some casbene synthetase activity was observed in seedlings which had been subjected to the experimental assay procedure, but which had not been treated with elicitor. These control values generally ranged between 5,000 and 6,000 dpm in casbene when 4,4'[3HIGGPP was used as the substrate in a 30-min assay. A control was run with each set of test samples and the control value was subtracted from the test sample values. Under optimal conditions, elicitor-treated seedlings could accumulate up to five times the control level of casbene synthetase activity. A typical doseresponse curve with Rs EPGase as the elicitor is shown in Figure  1 . At the lower concentrations of elicitor, the amount of casbene synthetase activity follows a nearly linear relationship with the amount of elicitor tested. Higher levels of elicitor, however, saturate the response. The amount of EPGase tested in elicitor bioassays was usually between 0.2 and 0.3 units in order to produce responses which were in the approximately linear region of the dose response curve.
Synthesis of Radiolabeled Geranylgeranyl Pyropbosphate. 4,4'-
[3H]Geranylgeraniol (10.0 mCi/mmol) was synthesized from farnesylacetone in a manner similar to that described by Upper and West (24) as later modified by Simcox (17) . The tritium label was introduced into farnesylacetone by refluxing a solution of famesylacetone and tritiated water in dioxane for 40 h. A small amount of NaOH was added to the mixture prior to reflux to catalyze the exchange of hydrogens bound to carbons alpha to the carbonyl function with tritium atoms of the tritiated H20. A water-cooled condenser was kept in place above the reaction vessel and the reaction mixture was maintained under dry nitrogen throughout the period of refluxing. Pyrophosphorylation of the alcohol was achieved with the method recently introduced by Dixit et al (5) in which tetra (tetrabutylammonium) pyrophosphate is employed as a pyrophosphorylating agent with geranylgeranyl bromide. The tritiated GGPP synthesized in this manner was used in all reported experiments except where specifically indicated.
Purification of Endopolygalacturonase from Rhizopus stolonfer. EPGase from culture filtrates of R stoloni'er was purified to homogeneity following the techniques described by Lee and West (11) . The purification sequence involved chromatography of the concentrated culture filtrate on Sephadex G-25, G-75, and CM-50 under conditions suitable for the preservation of enzyme activity. All samples of Rs EPGase employed in this work were purified to homogeneity in this manner. In some instances, the homogeneous enzyme was chromatographed on Sephadex G-10 (coarse grade) in 25 mm NaCl when EPGase in a low salt solution was required. EPGase activity was quantitated by measuring the rate of liberation of reducing termini from 0.25% solutions of polygalacturonic acid at pH 4.9. Reducing ends were measured using the Nelson-Somogyi spectrophotometric assay (13, 19 (12) . The results indicated that the covalent modification and enrichment procedures resulted in a solution of EPGase whose specific enzyme activity was 32% of that of the initial, fully active enzyme preparation. The enrichment procedure using the PGA column resulted in the removal of about two-thirds of the active enzyme and a final preparation which was 1.7 times enriched with respect to inactivated protein.
Quantitative elicitor bioassays ofactive and partially inactivated enzyme preparations were performed to test whether the elicitor ability of Rs EPGase was a function of its enzymic activity or of its externally recognizable molecular structure (Table I) . A sample containing inactivated enzyme which had been heat-treated before use was also tested to monitor for the presence of any residual pectic elicitor which might have been released from the PGA column used in the enrichment step and could therefore interfere with the results. No significant elicitor activity was associated with the heat-treated control sample, thus indicating that little pectic material with elicitor activity which might have eluted from the PGA column remained with the fraction of inactivated enzyme after Sephadex G-50 chromatography.
A visual representation of the elicitor bioassay data is provided as a histogram in Figure 2 . From this method of presenting the results, it can be readily seen that the elicitor activity of the various Rs EPGase preparations appears to be much more closely correlated with the amount of enzymic activity they possess than with the total amount of protein present.
Production of a Water-Soluble, Heat (16) and tested as a source of heat-stable elicitor. The uronic acid content of the dry preparation was found to be about 10%o by weight. It was shown that treatments of this material with Rs EPGase alone or in combination with active tomato pectinesterase at pH 6.3 did not result in the release of significant amounts of heat-stable elicitor (data not shown). Also, tomato pectinesterase by itself has been shown to have little or no effect on the activity of heat-stable elicitor generated by EPGase treatment of castor bean P12 (data not shown).
Production of Heat-Stable Elicitors from Citrus Pectin and Polygalacturonic Acid by Treatment with RS EPGase. Citrus pectin and PGA from a commercial source were both tested as possible sources of heat-stable elicitors in the following manner. Solutions of pectin and PGA (0.25%) in 10 mm histidine were prepared and adjusted to pH 6.3. To 10-ml aliquots of the pectin and PGA solutions were added 11.4 and 3.75 units of Rs EPGase, respectively. These solutions were then incubated at 30°C on a rotary shaker for 77 min in the case of pectin and for 97 min in the case of PGA. This procedure resulted in hydrolysis of approximately 8% of the available uronosidic bonds for each sample. Control samples were prepared in an identical fashion, but without the addition of Rs EPGase. Enzymic hydrolysis was stopped by heat-treating the samples at 100°C for 20 min in a boiling water bath. These solutions were then tested directly in an elicitor bioassay (Table IV) . Untreated solutions of both pectin and PGA contain some heat-stable elicitor ability by themselves; in both cases, treatment with Rs EPGase results in a large increase in the amount of heat-stable elicitor present.
Elicitor Activity of Other Plant Cel Wail Fragments. Two other plant cell wall fragments have also been tested for activity in the casbene synthetase elicitor assay system. The first is a fraction prepared by Hahn et aL (7) by partial acid hydrolysis of soybean cell walls followed by purification using QAE-Sephadex chromatography. This material is primarily composed of galacturonic acid residues and acts to elicit glyceollin accumulation in soybeans. The second pectic fragment is a sample of PIIF isolated from tomato leaves by Bishop et al. (1) . This partially purified material, which also is rich in galacturonic acid residues, has been shown to induce the synthesis of proteinase inhibitors in tomato leaves. Solutions of each of the substances were heat-treated at 100°C for 20 min before testing in the elicitor bioassay (Table V) of the uronsidic bonds had been enzymically hydrolyzed.
'The control value of 5,518 dpm has been subtracted.
PGA as substrates (12) . Repetitions of this experiment showed some variation in the exact shape of the profile of heat-stable elicitor activity as a function of pH of incubation; however, the minimum in the production of heat-stable elicitor was consistently observed at pH 5. These results raise the interesting question: why does the enzymic production of heat-stable elicitor drop substantially when the enzyme is operating at the pH of maximal catalytic efficiency? Inactivation of the Heat-Stable Elicitor by Rs EPGase. A possible explanation of the minimum in the apparent amount of heat-stable elicitor produced at the pH optimum of Rs EPGase is that the more complete digestion which would be expected at this pH may have given extensive conversion of active elicitor fragments to smaller inactive fragments. To test this possibility, solutions containing heat-stable elicitor were incubated with Rs EPGase at its pH optimum. The heat-stable elicitor samples were prepared from both commercial PGA and castor bean P12 by limited digestion with Rs EPGase.
One and a half ml of a solution containing heat-stable elicitor (enzymically produced at pH 6.3 from a 10% w/v suspension of castor bean P12 and concentrated 6-fold by lyophilization) was adjusted to pH 4.95 with HCl. Ten units of Rs EPGase were then added and the resulting solution was incubated at 30°C for 4 h along with a positive control containing the same heat-stable elicitor solution but without added EPGase. Following incubations, the pH of each solution was adjusted to 6.5, the total volume was brought to 10 ml with distilled H20, and the solutions were heat-treated at 100°C for 30 min. This set of solutions was tested in an elicitor bioassay.
In a similar manner, two 4-ml aliquots of a solution containing heat-stable elicitor produced by partial enzymic hydrolysis of commercial PGA (0.25% w/v, 8% hydrolysis) were adjusted to pH 4.9. To one was added 4 units of Rs EPGase. Both solutions were incubated for 4 h at 30°C and then adjusted to pH 6.3, brought to 10 ml with distilled H20, and heat-treated. This set of solutions was then tested directly in an elicitor assay.
The results of both assays are summarized in Table VI . In both cases, the amount of active elicitor is significantly reduced by further digestion with EPGase, thus confinning that substantial inactivation of the enzyme-released heat-stable elicitor can result from prolonged treatment with EPGase at the pH optimum of the enzyme. It seems likely that under the conditions employed, the observed minimum in amounts of heat-stable elicitor activity released at the pH optimum of EPGase activity (Fig. 3) results from "over-digestion" of active elicitor to inactive forms. Another possibility is that inhibitors of elicitation had been produced by complete digestion with EPGase. However, a total EPGase digest showed no inhibitory effect on elicitation when mixed with a sample of heat-stable elicitor (unpublished results). This indicates the probable absence of inhibitors of elicitation in the fully digested sample.
pH Variation of Rs EPGase Elicitation In Vivo. Experiments to measure the variation of elicitation of castor bean seedlings by Rs EPGase as a function of the pH of the medium were performed in order to examine any possible correlation with the observed variation of the in vitro production of heat-stable elicitor as a function of the pH of incubation (Fig. 3) . If the heat-stable elicitor is an obligate intermediate in elicitation by EPGase, one might expect to see an in vivo pH dependence curve similar to the in vitro curve shown in Figure 3 . One representative experiment of several performed is described below.
Sterile buffer solutions of approximately equal osmolality were prepared at 5 different pH values ranging between 2.9 and 7.4. A list of the buffers employed appears in the legend for Figure 4 . Seedlings were treated with 0.2 units of Rs EPGase added to 10 ml of each buffer in a standard elicitor bioassay. In addition, a control test in which seedlings were incubated with the appropriate buffer, but without added EPGase, was performed at each pH.
The final pH of the medium was measured at the conclusion of the period of incubation of the test seedlings with the test solution. The results of the elicitor assays are presented in Figure 4 Although there are differences in detaiL the general shapes of the profiles for the in vitro production of heat-stable elicitor activity by Rs EPGase treatment (Fig. 3) and the elicitor activity Other Properdies of the Heat-Stable Elicitor. Samples of the heat-stable elicitor from castor bean tissue prepared as described under "Materials and Methods" and concentrated 6-fold by lyophilization were tested for acid stability and were assayed for neutral sugar and uronic acid content. Aliquots of the heat-stable elicitor solution (1.5 ml) were added to either 1.5 ml distilled H20 or 1.5 ml of 6 N HCI and were heated at 121°C for I h in tightly capped screw cap test tubes. The resulting solutions were then evaporated in vacuo to dryness at 60°C, reconstituted in distilled H20 and adjusted to pH 6.5 . These solutions were then tested in an elicitor bioassay. Whereas the sample not treated with acid possessed strong elicitor activity, the elicitor activity of the acid-treated sample was completely destroyed.
The neutral sugar content of the crude elicitor solution was measured using the anthrone assay (20) (12) . It also functions to catalyze the hydrolysis of citrus pectin, although somewhat less efficiently (12 None of the preceding arguments is totally conclusive in itself, but together they support the idea that the heat-stable elicitors produced in castor bean homogenates are degradation products originating from pectic components of the plant cell-wall.
A cell wall fraction from castor bean seedlings purified according to the more rigorous procedures of Selvendran (16) did not serve as a source of heat-stable elicitor when treated with Rs EPGase. Apparently the components which give rise to the heatstable elicitor on digestion are removed by the more rigorous extraction procedures which involve extensive grinding in a ball mill in the presence of 1% deoxycholate and several washing steps. These wall preparations contained only about 10%o by weight of galacturonic acid and its derivatives. Further studies not reported here indicate that the pectic substances which serve as the source of heat stable elicitors on EPGase treatment would probably be solubilized by the procedures employed in the Selvendran method and thus lost from the final wall preparation.
Further support for the pectic nature of the heat-stable elicitors comes from the strong casbene synthetase elicitor activity of fractions rich in polygalacturonides from other systems (Table V) .
These include the endogenous elicitor of glyceollin prepared from soybean cell walls by partial acid hydrolysis and partially purified by QAE-Sephadex chromatography (7) , and a fraction with PIIF activity obtained from tomato leaves (1).
The above results obtained with the R. stolonifer-castor bean seedling interaction can be generalized into a theory of elicitation by fungal pectinolytic enzymes. Because of the presence of the protective polysaccharide wall surrounding plant cells, successful invasion of plant tissues by a fungus is frequently dependent on production by the fungus of enzymes, particularly pectinolytic enzymes, capable of degrading the plant cell wall. The plant, in turn, has evolved a defensive response to the presence of these pectinolytic enzymes. However, instead of developing a recognition system for the enzyme molecules themselves, which may differ widely in structure depending on the fungus of origin, the plant has evolved a recognition system for the pectic fragments of its own cell walls produced by the action of these pectinolytic enzymes. Thus, the pectic fragments could serve as a common intermediate signal indicating the presence of a wide range of potential fungal predators.
Two lines of evidence presented in this paper are consistent with the functioning of a system of this type during the in vivo interaction of R stolon!fer and castor bean seedlings. First, the pH profile of casbene synthetase elicitation by Rs EPGase in vivo (Fig.  4) closely resembles the pH profile of production of heat stable elicitors by the action of Rs EPGase on castor bean homogenates in vitro (Fig. 3 ). Both show a minimum at pH values near 5 with maxima on either side of this value. This suggests that in vivo elicitation by Rs EPGase requires the intermediate production of heat-stable elicitors. Secondly, the elicitor activity of Rs EPGase has been shown to closely parallel the level of enzymic activity associated with the enzyme irrespective of the total level of active plus inactive EPGase molecules present. This is consistent with an hypothesis requiring the catalytic activity of the enzyme for the production of pectic fragments as intermediates in elicitation and inconsistent with the possibility of direct recognition of some other structural feature of the enzyme molecule by the plant. No evidence has been obtained for any macromolecular elicitor of casbene synthetase from R stolonifer cultures other than EPGase.
It seems likely from the observations to date that the heat-stable elicitor will prove not to be a single molecular species, but rather a family of pectic fragments that possess some required set of molecular characteristics in common. Work in our laboratory is currently underway to help elucidate the structural features necessary for activity in this class of heat-stable elicitors.
The possible importance of fungal enzymes as elicitors and the in vivo importance of pectic fragments in the elicitation process have not been recognized until recently. A contributing factor to this has doubtless been the fact that the techniques for the extraction and purification of fungal elicitors have not generally been ones which would preserve enzyme activity (25) . Hargreaves and Bailey (8) have described the formation of heat-stable "constitutive elicitors" in living plant tissues when brought into contact with dead tissues. The chemical nature of these elicitors and their relationship to the heat-stable elicitors described in this work are not known. The recent demonstration by Hahn et aL (7) of galacturonide-rich "endogenous elicitors" of glyceollin in hot water extracts and partial acid hydrolysates of cell walls of soybeans and other plants is also ofdirect relevance to this hypothesis as mentioned earlier.
Even though the in vivo significance of pectic elicitors in a defense response has not been well documented in other plantfungus systems to date, we believe there are a number of reasons for considering the possibility that this is a widespread mechanism involved in general resistance. Further arguments in support of this view are presented in a recent review article (25) .
